INTRODUCTION {#sec1-1}
============

Semen analysis results based on clinical practice are used to assess male reproductive health and determine semen parameters, particularly sperm concentration, which is closely related to male fertility potential.[@ref1] However, a comprehensive review by Carlsen *et al*.[@ref2] reported a pronounced decline in sperm density since the 1930s after analyzing data from 14 947 healthy men worldwide. This conclusion was verified by Swan *et al*.[@ref3] approximately 10 years later. Despite such results, the decrease in sperm density remains a subject of longstanding debate[@ref4] because the decline was observed among men in Boston,[@ref5] Paris,[@ref6] and Scotland[@ref7] but not among men in Copenhagen,[@ref8] Malmö,[@ref9] and Sydney.[@ref10]

The major reason for the dispute is the small sample used in most previous studies.[@ref11][@ref12] Although some studies sampled a large population, the men included in these studies generally belonged to infertile couples who were undergoing assisted reproductive technologies[@ref13] or those visiting clinics for fertility examinations.[@ref14] In addition, data were collected from multiple centers, thereby leading to participant recruitment and semen analysis biases because of nonuniformity in recruitment criteria, laboratory technicians, and instruments used.[@ref15] Other reasons include lifestyle differences and environmental aspects in earlier studies[@ref16][@ref17] and ethnic differences.[@ref18]

China has the largest population in the world, and many recent studies have shown that a high proportion of healthy reproductive-aged Chinese adults have semen parameter values that are below the reference ranges established by the World Health Organization (WHO).[@ref19][@ref20][@ref21][@ref22] In addition, two recent studies showed a decline in most of the semen parameters of sperm donor samples collected from sperm banks in Shandong and Hunan, China.[@ref23][@ref24] Wuhan, which is the largest city in Central China, has a population of over 10 million with approximately 1.3 million university students. The city also has unique geographic and climate characteristics compared with other cities in China. Reproduction is a fundamental process among all species; therefore, determining whether sperm concentration is changing in Wuhan is a significant issue. The present study retrospectively reviewed the data of the first semen specimens collected from a large population of young adults who applied as sperm donors at the same facility that employed the same technicians and used the same equipment in 2010--2015.

PATIENTS AND METHODS {#sec1-2}
====================

 {#sec2-1}

### Study subjects {#sec3-1}

The participants were volunteer donors who provided semen samples to the Hubei Province Human Sperm Bank from March 1, 2010, to December 31, 2015. Donors were recruited using various means, such as through posters, newspapers, websites, widely used social software, and personal contacts with existing donors. Moreover, the recruitment method used was consistent. The screening of sperm donors was conducted strictly in accordance with the standards published by the Chinese Ministry of Health in 2003, which adopted the WHO 1999 criteria for semen analysis.[@ref22][@ref23][@ref24] In addition, the criteria for screening sperm donors have not been modified over time. The guidelines were described in our previous study.[@ref22] In summary, all donors must be 22--44 years old, have a college degree or higher, and are in good health based on physical examinations and psychological evaluations performed by qualified doctors and on thorough laboratory testing. When donors met the fundamental criteria, their semen samples were collected and analyzed. The demographic information of each donor and his semen analysis results were documented in a specialized system. Donor information included age, educational background, donation date, days of abstinence, and occupation. In general, three to five semen samples were assessed before a volunteer was either accepted into or rejected from the sperm donor program. We collected the analysis results of the first semen samples of the sperm donors because these specimens were not selected based on proven fertility or on factors associated with impaired semen quality and relevant demographic information, such as date of birth, date of submission of first sample, age, educational level, and abstinence time.

All donors provided informed consent forms during their first visit to the Hubei Province Sperm Bank. They agreed that their semen samples or the data gathered from their analysis could be used for scientific research. This retrospective study was approved by the Ethics Committee of the Reproductive Medicine Center, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China.

### Semen collection and analysis {#sec3-2}

The donors were instructed to collect semen samples in a sterile and wide-mouthed plastic container labeled with an anonymous serial number by masturbating in a private room at the reproductive health facility. The samples were immediately delivered to the adjacent laboratory. They were shaken thoroughly and then incubated in a water bath at 37°C for 30 min before analysis. All samples were analyzed within 60 min of collection.

After the recommended period of sexual abstinence (2--7 days), the semen samples were analyzed in a laboratory according to the recommendations of the WHO Laboratory Manual for the Examination of Human Semen and Semen--Cervical Mucus Interaction.[@ref25] Each semen sample was manually evaluated for appearance, odor, viscosity, liquefaction time, pH level, seminal volume, sperm concentration, and sperm motility. Semen volume was calculated based on semen weight under the assumption that semen density was 1.0 g ml^−1^. The pH level was determined using pH paper. Sperm concentration and motility were evaluated by aspirating 10 μl of thoroughly mixed semen into a clean Makler chamber (Sefi Medical Instruments, Haifa, Israel), which was maintained at 37°C. Furthermore, the sample was covered slightly with a coverslip and then immediately examined under a total magnification of ×400. Then, 10 of the 100 squares in the microscope field were randomly scanned, and sperm count was recorded using a cytometer. Only sperms with tails were counted. The percentage in each of the four motility categories was determined using an ocular grid. The sperms were categorized as (a) fast progressive, (b) slow progressive, (c) nonprogressive, and (d) immotile. The total sperm count was calculated by multiplying sperm density with seminal volume. All assessments were repeated twice. All analyses were performed using the same instruments and methods by the same three well-trained technicians during the entire duration of the study. Inter- and intra-technician comparisons were performed twice annually to ensure the accuracy of the measurement results.

### Statistical analyses {#sec3-3}

For the demographic information, mean and standard deviation (s.d.) were obtained for continuous variables, whereas frequency and percentage were reported for categorical variables. With the exception of semen volume, the values of the other semen parameters in participants with azoospermia (the diagnosis of azoospermia was made based on two semen analyses) were set to 0.1 for statistical analyses. The general linear model and the Cochran--Armitage trend test were used to evaluate annual trends. In case of sperm parameters, a generalized linear model was used to evaluate sperm quality with adjustments in age, days of abstinence, and education degree. The median and the 5^th^ and 95^th^ percentiles of each parameter were calculated. In addition, donors were divided into three birth cohorts according to year of birth: ≤1985, 1986--1990, and 1991--1993. The percentages of donors with sperm densities below 15 × 10^6^ ml^−1^, between 15 × 10^6^ ml^−1^ and 40 × 10^6^ ml^−1^, between 40 × 10^6^ ml^−1^ and 60 × 10^6^ ml^−1^, between 60 × 10^6^ ml^−1^ and 80 × 10^6^ ml^−1^, and above 80 × 10^6^ ml^−1^ were analyzed using the Cochran--Armitage trend test with adjustments in age, days of abstinence, and education degree. A generalized additive model was used to check the "smoothing spline" curves of semen quality with years of donation to identify inflection points at any time trend. Subgroup analyses were stratified by student versus nonstudent donors. All *P* values were two-sided with *P* \< 0.05 considered as statistically significant. Analyses were performed using SAS (Version 9.2; SAS Institute Inc., Cary, NC, USA), and figures were drawn using R software (Version 3.2.3, available from: [www.bioconductor.org](www.bioconductor.org)).

RESULTS {#sec1-3}
=======
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### Participant characteristics {#sec3-4}

Over a period of 6 years, 9357 healthy men who underwent a recommended period of sexual abstinence with median (5^th^--95^th^ percentile) of 5 (2--7) days were screened for inclusion into the data analysis in this study. All participants belong to the Han race. The general characteristics of the participants are provided in **[Table 1](#T1){ref-type="table"}**. The numbers of donors in 2013 (22.4%), 2014 (21.4%), and 2015 (21.2%) were more than those in 2010 (6.4%), 2011 (17.1%), and 2012 (11.5%). In addition, the donors consisted of university students (32.3%) and nonstudents (67.7%). A total of 112 participants with azoospermia (1.2%) were identified over the study period. In general, the age of the participants was 27.39 ± 5.44 years (expressed as mean ± s.d., with range of 22--44 years). Nearly half of the participants (48.2%) has a bachelor\'s degree or higher. During the study period, the mean age of the donors and the percentage of nonstudent donors exhibited an increasing trend (*P* \< 0.001), whereas educational level and abstinence time presented a decline over time (*P* \< 0.001).

###### 

Demographic data for all study participants

![](AJA-20-379-g001)

### Trend in semen concentration {#sec3-5}

We observed a statistically significant decrease in sperm concentration among all the study participants (the value of the median dropped from 53.0 × 10^6^ ml^−1^ in 2010 to 45.0 × 10^6^ ml^−1^ in 2015; **[Table 2](#T2){ref-type="table"}**). For example, a decline of (−1.53 ± 0.16) × 10^6^ ml^−1^ per year was also noted in sperm concentration. That is, we noted a 2.9% decline in sperm concentration in this population. However, the sperm density tendency observed from 2010 to 2014 appears contrary to that in 2015. Thus, the trends in the first 5 years were reanalyzed. Unexpectedly, a more evident decline in sperm density was observed (\[--3.76± 0.20\] × 10^6^ ml^−1^ per year).

###### 

Semen concentration of participants by year of donation
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### Trend in semen concentration of student versus nonstudent donors {#sec3-6}

After stratifying the donors based on their occupation, the data for students and nonstudents were further analyzed. From 2010 to 2015, the sperm concentration of both students and nonstudents statistically and significantly decreased (*P* \< 0.001 and *P* = 0.002, respectively). However, the decline in the sperm concentration of students (\[−3.23± 0.27\] × 10^6^ ml^−1^ per year) was more evident compared with that of nonstudents (\[−0.63± 0.20\] × 10^6^ ml^−1^ per year) (**[Table 2](#T2){ref-type="table"}**). Similarly, a more evident declining trend in the semen concentration of student (−4.52 × 10^6^ ml^−1^ per year; 95% CI \[−5.14, −3.90\]; *P* \< 0.001) and nonstudent (−3.19 × 10^6^ ml^−1^ per year; 95% CI \[−3.74, −2.65\]; *P* \< 0.001) donors was observed during the first 5 years of study.

### Trend in semen concentration analyzed by birth year and birth year cohort {#sec3-7}

The data were also analyzed based on the year of birth of the participants. The results demonstrated a significant decline in concentration (*P* \< 0.001; β \[s.d.\]: −0.26 \[0.04\]). Moreover, similar trends were observed in the student versus nonstudent subgroups (data not shown). **[Figure 1](#F1){ref-type="fig"}** presents the box plots of sperm concentrations based on birth year cohort (\<1985, 1986--1990, and 1991--1993). Among all the participants, a significant decline (\[−2.53±0.33\] × 10^6^ ml^−1^) in sperm concentration was noted (*P* \< 0.001; **[Figure 1a](#F1){ref-type="fig"}**). A significant decline (\[−7.70±0.67\] × 10^6^ ml^−1^) in sperm concentration was observed for all students (*P* \< 0.014; **[Figure 1b](#F1){ref-type="fig"}**), whereas an insignificant decline (\[−3.09±0.41\] × 10^6^ ml^−1^) in sperm concentration was noted for all nonstudents (*P* = 0.457; (**[Figure 1c](#F1){ref-type="fig"}**).

![Box plot that demonstrates the decrease in sperm concentration (×10^6^ ml^−1^) by birth cohort. (**a**) A significant decline (\[−2.53±0.33\] × 10^6^ ml^−1^) in sperm concentration (*P*~trend~ \< 0.0001) was recorded for all participants. (**b**) A significant decline (\[−7.70±0.67\] × 10^6^ ml^−1^) in sperm concentration (*P*~trend~ \< 0.014) was noted for all students. (**c**) An insignificant decline (\[−3.09±0.41\] × 10^6^ ml^−1^) in sperm concentration (*P*~trend~ = 0.4565) was observed for all nonstudents.](AJA-20-379-g003){#F1}

### Distribution of the percentage of donors with various sperm concentrations in five density bands {#sec3-8}

To determine the distribution of donors with various sperm concentrations, the participants were categorized according to density band: \<15 × 10^6^ ml^−1^, 15 × 10^6^ ml^−1^--40 × 10^6^ ml^−1^, 40 × 10^6^ ml^−1^--60 × 10^6^ ml^−1^, 60 × 10^6^ ml^−1^--80 × 10^6^ ml^−1^, and \>80 × 10^6^ ml^−1^. Then, the trend for the distribution of sperm concentration was analyzed. Regardless of whether the participants were students or nonstudents, the results showed that the percentage of both groups with sperm densities \<15 × 10^6^ ml^−1^ and 15 × 10^6^ ml^−1^--40 × 10^6^ ml^−1^ significantly increased over time (*P* \< 0.001), whereas that of donors with sperm concentrations higher than 40 × 10^6^ ml^−1^ significantly decreased over the study period (*P* \< 0.001) (**[Figure 2](#F2){ref-type="fig"}**).

![The distribution of percentage of (**a**) all participants, (**b**) students, and (**c**) nonstudents with various sperm concentrations in five density bands: below 15 × 10^6^ ml^−1^, 15 × 10^6^ ml^−1^--40 × 10^6^ ml^−1^, 40 × 10^6^ ml^−1^--60 × 10^6^ ml^−1^, 60 × 10^6^ ml^−1^--80 × 10^6^ ml^−1^, and above 80 × 10^6^ ml^−1^.](AJA-20-379-g004){#F2}

DISCUSSION {#sec1-4}
==========

The major finding of our study was a trend toward sperm concentration decline, which was observed among reproductive-aged healthy Chinese males from 2010 to 2015 in Wuhan, Central China. Our data clearly demonstrated a statistically significant decline in sperm density regardless of whether the analysis was conducted by year of donation, by stratifying students versus nonstudents, by birth year, or by birth year cohort. In addition, we determined that the percentage of donors with sperm densities \<40 × 10^6^ ml^−1^ significantly increased over time, whereas that of donors with sperm densities \>40 × 10^6^ ml^−1^ decreased significantly. Furthermore, the extent of declining sperm concentration is more evident in students than that in nonstudents. Analyses were conducted after adjustments were made for age, education degree, and abstinence time based on the first semen samples provided by 9357 participants. All semen analyses were performed by three well-trained technicians using the same instruments at a laboratory and following the standardized WHO guidelines, thereby ensuring continuous quality control during the entire study period. These data suggest that a continuous decline in the sperm concentration of the study population occurred during the observation period of 6 years.

The sample size is the most important variable of the present study. With a sample of 9357 healthy males, this study is one of the largest on secular trend in semen quality worldwide. To our knowledge, this study is the first to address the issue of secular trend in semen parameters of well-defined, healthy, young men in Central China. The same recruitment procedures for sperm donors and standardized questionnaires for collecting personal information were utilized. Furthermore, the methods (the 1999 WHO criteria), as described in previous studies,[@ref23][@ref24] used for the semen analysis of each participant were constant over the entire study period. In addition, the results represent real-life conditions to a certain extent because donors were not selected based on proven fertility or the absence of factors associated with the impaired quality of semen before the submission of their first sample.

However, our study has certain limitations. For example, we did not explore other possible risk factors, such as body mass index, alcohol use, and tobacco use. Nevertheless, some studies have demonstrated that the prevalence of these lifestyle risk factors has remained constant among healthy Chinese males over the past several years,[@ref14][@ref23][@ref24] and their effects on semen parameters were diverse. Hence, further study is necessary to resolve these controversial issues. Using the information from one semen sample of each participant has been considered insufficient because of the significant intra-individual variation. However, a study has indicated that a single ejaculate is fairly representative of the overall semen quality of healthy men in China.[@ref26] Although our findings may not be based on a community population, the donor recruitment methods, including posters, newspapers, websites, widely used social software, and personal contact with existing donors, are diverse. In addition, the recruitment covered all districts in Wuhan. Thus, the study population can represent the entire Wuhan area in Central China. In addition, the percentage of normal sperm morphology was not reported in this study because it mostly depends on the subjectivity of the observer, and the WHO reference value was very low (4%).

A recent comprehensive review that involved 23 126 healthy men across China showed that sperm concentration declined from 1985 to 2009.[@ref27] These results are in line with our findings. However, two previous studies did not report any time-related change in the semen parameters of healthy Chinese males.[@ref28][@ref29] The discrepancy may be due to study period difference, selection, measure bias among various reports, and other unknown factors. The change in sperm concentration in our study is in accordance with two recent studies from sperm banks in China.[@ref23][@ref24] Moreover, the prevalence of infertility, which is closely associated with the reduction in sperm density, particularly over 40 × 10^6^ ml^−1^,[@ref30] has been increasing globally.[@ref31] Our data indicated a significant decline not only in sperm concentration as a whole but also in the percentage of participants with sperm densities above 40 × 10^6^ ml^−1^. Notably, a sudden increase in all the semen parameters in 2015 apparently contradicts the evolution between 2010 and 2014. The reasons for this contradictory phenomenon may be the greater mean age of the participants in 2015, shorter sexual abstinence, and other unknown factors. Thus, further study should be conducted to analyze the cause of exceptional re-increase.

Although a statistically significant increase in semen volume over time (*i.e*., a 0.15 ml increase in volume per year \[s.d.: 0.01 ml\] or approximately 6% in the annual semen volume) was observed, the dilution effect was negligible because an evident decline of the total sperm count from 2010 to 2014 (the value of the median dropped from 129.3 × 10^6^ ml^−1^ in 2010 to 88.4 × 10^6^ ml^−1^ in 2014, and \[−4.23±0.80\] × 10^6^ ml^−1^ per year) was recorded and the declining tendency of semen density was also indicated by analyzing groups by birth year and birth year cohort. Therefore, the causes of decline in sperm concentration are unknown based on the present study. However, these causes were extensively investigated in other studies.[@ref32][@ref33] The decreasing sperm density may be a result of the continuously deteriorating environmental quality.[@ref34] As the most populated city in Central China, Wuhan constitutes an important part of the economic zone along the Yangtze River, which suffers from severe environmental pollution, including air,[@ref35] water,[@ref36] and heavy metal pollution.[@ref37] Exposure to the aforementioned pollutants has been reported to have a wide range of adverse influences on male reproductive health.[@ref38][@ref39][@ref40] Therefore, we speculate that pollutants may play a pivotal role in impairing human spermatogenesis. In addition, considerable literature has linked the decrease in human sperm concentration to a concomitant increase in the incidence of genitourinary abnormalities, such as germ cell tumor and cryptorchidism.[@ref41] However, no relevant datum is available for the Wuhan area.

Our results demonstrated a positive correlation between lower sperm concentration and later year of birth. The results, which may be related to exposure to endocrine disruptors present in the environment, particularly during the sensitive fetal and prenatal stage, are in accordance with the findings of two studies performed in the United Kingdom[@ref7] and the United States.[@ref5] The Yangtze River is the source of drinking water of the citizens of Wuhan. However, the river is heavily contaminated with endocrine-disrupting compounds, such as bisphenol A.[@ref42] Evidence from animal studies clearly indicated that bisphenol A exposure directly leads to impairment of the genital system.[@ref43][@ref44]

No published research has compared the temporal trend in semen quality between university students and nonstudents. Interestingly, our study found that the sperm density rate decreased faster in students than in nonstudents. Possible explanations for this discrepancy may include the higher prevalence of sedentary behavior,[@ref45] sleep deficiency,[@ref46] and psychosocial stress[@ref47] among university students. These lifestyle factors are negatively associated with sperm production.[@ref48][@ref49][@ref50] Moreover, the use of smartphones and the internet is more frequent among the student cohort than in the nonstudent group, and both technologies have detrimental effects on semen quality.[@ref51]

CONCLUSION {#sec1-5}
==========

We observed a continuous significant decrease in semen concentration among a sample of 9357 healthy Chinese males of reproductive age from Wuhan, Central China, after performing analyses by year of donation, stratification of students versus nonstudents, birth year, and birth year cohort between 2010 and 2015. In particular, the decline mainly occurred among donors with sperm densities of over 40 × 10^6^ ml^−1^. The etiologies of the decreasing trend of sperm concentration remain unclear; therefore, further studies are warranted to confirm, understand, and, hopefully, reverse the trend of sperm decline.
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